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Soil deposition density maps of gamma-ray emitting radioactive nuclides from the Fukushima Dai-ichi
Nuclear Power Plant (NPP) accident were constructed on the basis of results from large-scale soil sam-
pling. In total 10,915 soil samples were collected at 2168 locations. Gamma rays emitted from the
samples were measured by Ge detectors and analyzed using a reliable uniﬁed method. The determined
radioactivity was corrected to that of June 14, 2011 by considering the intrinsic decay constant of each
nuclide. Finally the deposition maps were created for 134Cs, 137Cs, 131I, 129mTe and 110mAg. The radioac-
tivity ratio of 134Cse137Cs was almost constant at 0.91 regardless of the locations of soil sampling. The
radioactivity ratios of 131I and 129mTee137Cs were relatively high in the regions south of the Fukushima
NPP site. Effective doses for 50 y after the accident were evaluated for external and inhalation exposures
due to the observed radioactive nuclides. The radiation doses from radioactive cesium were found to be
much higher than those from the other radioactive nuclides.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-SA
license (http://creativecommons.org/licenses/by-nc-sa/3.0/).1. Introduction
Enormous amounts of radioactive nuclides were released into
the atmosphere from the Fukushima Dai-ichi Nuclear Power Plant
(NPP) accident (Prime Minister of Japan and His Cabinet, 2011). The
released radioactive nuclides were deposited on the ground, trees,
houses and other objects over a wide area. Monitoring data ob-
tained by various organizations after the accident indicated that
large amounts of radioactive nuclides were deposited in the envi-
ronment, which signiﬁcantly increased the radiation levels. In the
early stage after the accident, the general public was exposed to
signiﬁcant levels of radiation from 131I with a half-life of 8 d..
Ltd. This is an open access articleHereafter, several radioactive nuclides with long half-lives remain
on the ground for a long time and continue to expose the public to
radiation, as was the case in the Chernobyl accident (IAEA, 1991,
2006; MUE, 2011).
In the face of this serious crisis, many researchers insisted that
comprehensive large-scale environmental monitoring of the
contaminated areas should be conducted as soon as possible. As a
result of the great effortsmade bymanypeople in different positions,
the mapping project to investigate environmental contamination
conditions andmigration of radioactive nuclides in the environment
was ofﬁcially begun on June 6, 2011with the support of the Strategic
Funds for Promotion of Science and Technology. Many people and
organizations contributed to the considerable preparations and
discussions for starting the project despite the limited time.
One of the main goals of the mapping project was to produce
precise distribution maps of dominant gamma-ray emittingunder the CC BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
K. Saito et al. / Journal of Environmental Radioactivity 139 (2015) 308e319 309radioactive nuclides deposited on the ground. There are following
two methods for that purpose: 1) collecting soil samples and
measuring gamma rays using Ge detectors in the laboratories; and
2) in situ spectrometry using portable Ge detectors. The latter
method has the advantage of quantifying the average deposition
density of radioactive nuclides by detecting the gamma rays com-
ing from a wide area around the measurement location (ICRU,
1994). However, in the beginning of the project, we could not
prepare sufﬁcient numbers of portable Ge detector systems for in
situmeasurements and technicians who could properly operate the
systems, since the importance of in situ spectrometry had not been,
so far, sufﬁciently recognized in Japan. On the other hand, collecting
soil samples dose neither need complex equipment nor a high level
of skill. Furthermore, soil samples are essential because they can
give precious information on deposited radioactive nuclides such as
chemical forms or soil characteristics.
Thus, we decided to collect a large number of soil samples for
analysis with gamma-ray spectrometry using Ge detectors at many
laboratories. The purpose of this paper is to provide a detailed
description on how radioactive nuclide deposition density maps
were constructed in the ﬁrst campaign of the mapping project. The
mapping of deposition densities of gamma-ray emitting radioactive
nuclides were completed for 134Cs, 137Cs, 131I, 129mTe, and 110mAg.
Small amounts of other radioactive nuclides were detected in
multiple soil samples; however, the number of detected samples
for these nuclides was not sufﬁcient to be shown on a map. On the
basis of the constructed maps, the features of the regionalFig. 1. Deposition density map for 134Cs. The radioactivity per unit groundistributions of the radioactivity ratios among observed radioactive
nuclides were examined to get basic information for understanding
deposition pathways of radioactive nuclides. The maps for stron-
tium and plutonium will be presented elsewhere (Ikeuchi et al.,
submitted for publication). The maximum effective doses for 50 y
were conservatively estimated for all of the radioactive nuclides
mapped in the ﬁrst campaign including strontium and plutonium.
2. Materials and methods
2.1. Selection of sampling locations
The soil sampling locations were selected on the basis of the
following criteria. Based on the radiation levels roughly clariﬁed by
prior environmental monitoring including air-borne survey (MEXT,
2011), the sampling locations were selected within a 100 km radius
of the Fukushima NPP site and throughout the rest of Fukushima
Prefecture. The region within 80 km of the site was divided into
2 km square grids, and the rest was divided into 10 km square grids.
A suitable location was chosen within each grid considering the
ground condition and other conditions as described below. In the
case that two municipalities were in one grid, two sampling loca-
tions were selected to cover both municipalities. Non-inhabitable
areas were avoided since our direct concern was to check the
contamination levels of living conditions.
Inhomogeneously contaminated locations were avoided in
order to obtain sample data representing regional contamination;d area is shown by the colored mark at the soil sampling location.
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selected. The intention was to continue the periodical environ-
mental monitoring at identical locations to investigate the time-
dependent changes in the contamination conditions due to
weathering effects. Thus, locations where the geographic condi-
tions were expected not to change for a long period of time were
chosen: for example, farm ﬁelds were avoided since they would
be often plowed. We also avoided riverside locations since
ﬂoodwaters may signiﬁcantly change the deposition conditions.
With regard to land-ownership, public lands were preferred to
private lands, because it was easier to obtain permission for soil
sampling.
Since there was insufﬁcient time to directly check the sampling
locations, they were selected by carefully checking maps overlaid 2
or 10 km square grids. After the sampling locations were deter-
mined, we obtained permission for soil sampling from all munici-
palities with related jurisdiction. When the conditions of the
sampling location were not clear, staff of the project visited the
location beforehand to examine the conditions with the help of
Fukushima University.
2.2. Soil sampling
More than 400 volunteers from more than 90 organizations
took part in the soil sampling from June 4 to July 8, 2011. Huge
numbers of soil sampling kits and consumable goods wereFig. 2. Deposition density map for 137Cs. The radioactivity per unit grouprepared by Osaka University before the project ofﬁcially started.
Each soil sampling team had two or three members including at
least one specialist in radiation or radioactivity. Each team collected
soil samples at several locations per day. Every day, up to 30 teams
were engaged in soil sampling. In the 20 km zone where entry was
restricted, we asked the Federation of Electric Power Company of
Japan, which was responsible for routine monitoring in the zone, to
support the soil sampling.
The soil sampling procedures, being described in detail in
another paper (Onda et al., submitted for publication), are brieﬂy
outlined here. To ensure the quality of the soil sampling and
spectrometry, the procedures were carefully pre-examined be-
forehand. The protocol describing the standard methods for soil
sampling and gamma-ray spectrometry was determined after the
critical discussions with specialists and was approved by the
Committee on the Construction of Maps for Radiation Dose Dis-
tribution (MEXT, 2012). In the campaign, all of the soil sampling
and spectrometry were carried out according to the protocol.
Some of the planned sampling locations could not be reached
because the access roads had been severely damaged by the
earthquake or tsunami. Overall, soil sampling was performed at
2138 locations.
After the preliminary soil sampling and analysis, most of the
deposited radioactive nuclides were concluded to exist less than
5 cm in depth from the ground surface (Onda et al., submitted for
publication). Therefore, the surface soil was dug up to 5 cm depthnd area is shown by the colored mark at the soil sampling location.
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reliable measurements since the detection systems were cali-
brated assuming that radioactivity was uniformly distributed in
the container. The sampled soil was put into a plastic container
with a diameter of 5 cm and a height of 5 cm (U-8 type). In
principle, ﬁve soil samples were collected at one location in order
to compensate for large deviation in the deposited radioactivity
with the sampling point. At locations where sampling was not
easy, soil samples less than ﬁve were collected. In total, 10,915 soil
samples were collected.2.3. Spectrometry and data analysis
Twenty-one organizations performed gamma-ray spectrom-
etry with Ge detectors. Some of the organizations were not
expertized in measuring environmental samples. Therefore, pre-
liminary tests using mock-up samples were carried out to check
the fundamental workability of measurement systems. In addi-
tion, the measured results for same soil samples were compared
by the participating organizations and found to be in good
agreements; thus the reliability of the measurements was
ensured.
The spectrometry systems were calibrated using the standard
sources provided by the International Atomic Energy Agency (IAEA)
and the Japan Chemical Analysis Center (JCAC). Observed peakFig. 3. Deposition density map for 131I. The radioactivity per unit grouncounts in the spectrometry were converted to radioactivity ac-
cording to the calibration data if they were above the detection
limits. All organizations were required to always report the mea-
surement results for 134Cs, 137Cs and 131I. The results for other
radioactive nuclides were supposed to be reported when they were
detected. The determined radioactivities were averaged over all of
the soil samples collected at one location, which was usually ﬁve
samples. The averaged radioactivity was converted to radioactivity
per unit ground area (Bq/m2).
Radioactive nuclides 134Cs and 137Cs were detected at every
sampling location. In other radioactive nuclides, statistically sig-
niﬁcant data were obtained from soil samples at a limited number
of locations because of short half-lives and deposited radioactivity
levels. When statistically signiﬁcant data were obtained for at least
one soil sample at one location, deposition was judged to have
occurred at the location, and the average deposition density was
estimated.2.4. Air dose rate measurements
Air dose rates were measured using survey meters at the same
locations where the soil samples were collected. A NaI(Tl) scintil-
lation survey meter TCS-171B/172B manufactured by Hitachi-Aloka
Medical, Ltd. was used. This survey meter can accurately measure
the ambient dose equivalent rates even if the photon spectrumd area is shown by the colored mark at the soil sampling location.
K. Saito et al. / Journal of Environmental Radioactivity 139 (2015) 308e319312varies by utilizing a spectrum-dose conversion function (G(E)
function) developed at JAEA (Tsutsumi et al., 1991) based on a
reliable detector response function (Saito and Moriuchi, 1981,
1987). At locations where the radiation levels were higher than
30 mSv/h which was the upper limit for accurate measurements by
the NaI(Tl) survey meter, an ionization chamber-type survey meter
was used. The survey meters were required to have been calibrated
within the last year.
2.5. Mapping
The average radioactivity per unit ground area was obtained as
described in Section 2.2 and plotted on a map based on positional
data obtained by the Global Positioning System (GPS). The data
were not interpolated to make contour maps since such interpo-
lation sometimes produces inappropriate artiﬁcial data. In addition,
soil sampling locations are often not explicitly indicated on the
contour maps. Maps issued by the Geospatial Information Author-
ity of Japan were used as base maps.
Ranges of the nuclide deposition density were indicated on the
map by different colors at sampling locations. When the analysis of
the whole collected samples showed statistically signiﬁcant
radioactivity, the average value was plotted with a circle. While, in
case that a part of the collected soil samples showed gamma-ray
intensity below the detection limit, the average value was plotted
with a triangle.Fig. 4. Deposition density map for 129mTe. The radioactivity per unit grou3. Results and discussion
3.1. Deposition density maps
Figs. 1e5 show the maps for deposition densities of 134Cs, 137Cs,
131I, 129mTe and 110mAg, respectively. The radioactivity per unit
ground area (Bq/m2) on June 14, 2011 is indicated by a coloredmark
at the soil sampling locations. The major soil sampling campaign
was completed on this date; thus, all radioactivities were corrected
to this day based on the decay half-life of the corresponding
nuclide. These numerical data have been provided through a
database developed in the mapping project (NRA; Seki et al.,
submitted for publication).
The basic features of the 134Csmapswere quite similar to those of
137Cs, since the radioactivity ratio of 134Cse137Cs was almost con-
stant at 0.91 on June 14, 2011 as shown in Fig. 6. This ﬁgure suggests
that the isotope ratio of 134Cse137Cs was similar among the plumes
released from the three reactors in the Fukushima accident.
Figs. 1 and 2 indicate that the area northwest of the Fukushima
NPP site was most contaminated; further, the strip-shaped
Fukushima Basin running from north to south in the center of
Fukushima Prefecture showed relatively high contamination. High
deposition densities of 131I, 129mTe and 110mAg were also observed
northwest of the Fukushima NPP site. However, there were insuf-
ﬁcient data for 131I, 129mTe and 110mAg to discuss the features of the
deposition density distribution in detail.nd area is shown by the colored mark at the soil sampling location.
Fig. 5. Deposition density map for 110mAg. The radioactivity per unit ground area is shown by the colored mark at the soil sampling location.
Fig. 6. Scatter plot of 134Cs and 137Cs deposition densities. The radioactivities were
compared for all sampling locations. The plotted data were ﬁtted to a linear function
with a slope of 0.91. R2 denotes the coefﬁcient of determination which indicates how
well data points ﬁt the linear function, and gives a value close to 1.0 if they are well
ﬁtted.
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Figs. 7e9 give the distribution maps of the radioactivity ratios of
131I, 129mTe and 110mAg, respectively, to 137Cs. The regional distri-
butions of the ratios indicated similar tendencies for 131I and 129mTe.
The ratios were relatively high at the coastal regions south of the
Fukushima Dai-ichi NPP site compared with the other regions.
Figs. 10 and 11 give the scatter plots of the deposition densities
for 131I and 129mTe as a function of those for 137Cs. The correlation of
131Ie137Cs was examined by ﬁtting the data points to the regression
line over the whole area, the southern coastal area, and the
remaining area as shown in Fig. 10(a)e(c), respectively. Fair corre-
lations were observed in the southern coastal area and remaining
area as the coefﬁcients of the determination (R2) indicated rela-
tively high values.
For 129mTe, the scatter plot for the whole area (Fig. 11(a)) shows
good correlation with 137Cs. If we enlarge the low deposition den-
sity part of Fig. 11(a), another correlation between 129mTe and 137Cs
can be found as shown in Fig. 11(b). Here, the data with the ratio of
129mTee137Cs greater than 1.0 are plotted with circles, separately
from the other data shown by the triangles. The circles in Fig. 11(b)
correspond to the bright colored circles in the southern coastal area
in Fig. 8. The data in this area showed a different correlation
compared to the other region.
The deposition densities for the radioactive nuclides of 131I and
129mTe both showed a good correlation with that of 137Cs in the
southern coastal areas. Those in the other regions showed different
Fig. 7. Distribution of the radioactivity ratio of 131Ie137Cs. The ratio was calculated for all locations where 131I was detected.
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contamination existed due to different radioactive plumes or
deposition processes.
According to the review of atmospheric diffusion simulations
carried out after the accident (Yamazawa and Hirao, 2012), the
radioactive nuclide deposition in the southern coastal areas was
due to plumes released onMarch 14 and 15 and after March 20. The
monitoring data in Ibaraki Prefecture to the south indicated rela-
tively high fractions of 131I in the radioactive plumes during these
periods (Furuta et al., 2011). The observed data in the present study
were consistent with the results from these simulations and
observations.
The ratio of 110mAge137Cs seemed to be high for the whole re-
gion along the cost. It was difﬁcult to ﬁnd speciﬁc features in the
scatter plot. However, some features were clariﬁed in the second
campaign covering wide areas in eastern Japan, which will be
discussed in another paper (Mikami et al., submitted for
publication).
3.3. Air dose rate maps
The distribution of air dose rates measured from June 4 to July
10, 2011 is presented in Fig. 12. All of the measurements were
made in terms of ambient dose equivalent rates. No correction
was performed for the physical decay of radioactive cesium
during the period, since the temporal variation of air dose ratesduring the measuring period was estimated to be negligible
compared with other uncertainties. The distribution of the air
dose rates was quite similar to that of the radioactive cesium
deposition density because radioactive cesium was the dominant
contributor to the air dose rates. More than 99% of the air dose
rate was estimated to be due to radioactive cesium as discussed
later.
The correlation of the air dose rates to 137Cs deposition densities
was not so good as shown in Fig. 13. This implies that the radio-
active cesium depositionwas heterogenous and greatly varied even
within a small area of a few square meters. In fact, the variation
coefﬁcient of the cesium radioactivity concentration for the ﬁve soil
samples collected at one location greatly varied with the average of
36% as indicated in Fig. 14. On the other hand, air dose rates were
found to have a good correlation with cesium deposition densities
measured by in situ measurements using portable Ge detectors as
discussed in another paper (Mikami et al., submitted for
publication). Consequently, the deposition density of radioactive
nuclides obtained by soil sampling should be noted to have some
degree of statistical ﬂuctuation.
3.4. Dose evaluation
The effective doses accumulated over 50 y after the accident due
to deposited radioactive nuclides were roughly estimated using the
dose conversion coefﬁcients presented by IAEA (2000). The dose
Fig. 8. Distribution of the radioactivity ratio of 129mTee137Cs. The ratio was calculated for all locations where 129mTe was detected.
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internal exposure dose due to inhalation of re-suspended radio-
active nuclides under the following simpliﬁed assumptions: a
person stands on the ground where radioactive nuclides are
deposited; the physical decay of deposited radioactive nuclides and
weathering effects are roughly considered; a conservative initial re-
suspension rate of 106 is used. Then you should note that the
evaluations were very conservative and the public is unlikely to
receive such high doses in a real environment. Here, we examined
the postulated maximum exposures due to the deposited radioac-
tive nuclides.
The evaluated effective doses over 50 y are given in Table 1 for
the radioactive nuclides detected in the ﬁrst campaign. Doses were
also evaluated for plutonium and strontium; these were quantiﬁed
in another study (Ikeuchi et al., submitted for publication). The
radioactive nuclide 137Cs was estimated to cause the most signiﬁ-
cant exposure. The second important radioactive nuclide was 134Cs
which produces the dose an order of magnitude smaller than that
from 137Cs. The third was 110mAg, which had the dose three orders
of magnitude smaller than that of 137Cs. The doses due to strontium
and plutonium were negligible in comparison with the doses from
the other radioactive nuclides.
We evaluated the relative contributions of the observed radio-
active nuclides to the external effective dose rates on June 14, 2011.
The radioactive nuclides in soil were assumed to have depth pro-
ﬁles approximated by an exponential function with a relaxationmass per area of 1 g/cm2. The dose conversion coefﬁcients were
taken from Saito et al. (2012). In this evaluation, the averaged
deposition densities over the ﬁfty typical locations with different
radiation densities were used to represent typical external expo-
sure conditions. Table 2 provides the evaluated results for June 14,
2011. About 70% of the external effective dose was due to 134Cs, and
30% was due to 137Cs. The contributions from the other nuclides
were less than 1%.
4. Conclusions
The ground deposition densities of gamma-emitting radioactive
nuclides were determined by collecting a large number of soil
samples around the Fukushima Dai-ichi NPP site. All of the
collected soil samples were carefully analyzed using Ge detector
spectrometry. Special attention was paid for performing the soil
sampling and analysis by reliable and standardized methods as
quickly as possible in order to detect radioactive nuclides with
short half-lives. In particular, 131I had the potential to expose the
public to signiﬁcant radiation in the early stage after the accident.
Maps were constructed for the critical gamma-ray emitting nu-
clides of 134Cs, 137Cs, 131I, 129mTe and 110mAg. The radioactivity ratios
for the observed radioactive nuclides indicated speciﬁc regional
features. The ratios of 131I and 129mTee137Cs were high in the re-
gions south of the Fukushima NPP site. These regional features of
radioactivity ratios were inferred to be due to the different
Fig. 9. Distribution of the radioactivity ratio between 110mAg and 137Cs. The ratio was calculated for all locations where 110mAg was detected.
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important for extracting essential information to clarify the depo-
sition pathways after the accident. The effective doses received by a
person from external and inhalation exposures to the deposited
radioactive nuclides were conservatively estimated. The largest
effective doses were derived from 137Cs, followed by 134Cs. TheFig. 10. Scatter plot of 131I and 137Cs deposition densities: (a) in the whole area, (b) in the sou
and the coefﬁcient of determination (R2) are shown in each ﬁgure.doses from the other radioactive nuclides were three orders of
magnitude smaller than that by 137Cs. The external effective dose
on June 14, 2011 was estimated to mostly be due to 134Cs and 137Cs.
The constructed deposition density maps of radioactive nuclides
will provide basic information on the initial contamination condi-
tions around the Fukushima Dai-ichi NPP site.thern coastal area, and (c) in the rest area. The regression line ﬁtted to the plotted data
Fig. 11. Scatter plot of 129mTe and 137Cs deposition densities: (a) in the whole area and (b) in the southern area. In (b), data are shown by closed circles if the activity ratio of 129mTe
and 137Cs was greater than 1.0 and by triangles otherwise. The regression line was ﬁtted to the data shown by the closed circles in (a) and (b). The coefﬁcient of determination (R2) is
also shown in each ﬁgure.
Fig. 12. Air dose rate map at the soil sampling locations. The ambient dose equivalent rate as measured by a survey meter calibrated within one year is shown by the colored mark at
the soil sampling location.
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Fig. 13. Scatter plot of 137Cs deposition densities and air dose rates. Cesium-137
deposition densities were corrected to those as of June 14, 2011, while correction
was not performed for air dose rates. The regression line ﬁtted to the plotted data and
the coefﬁcient of determination (R2) are shown in the ﬁgure.
Fig. 14. Statistics on coefﬁcients of variation for 137Cs concentrations among ﬁve soil
samples collected at one location. The coefﬁcient of variation represents the ratio of
the standard deviation to the mean. The number of soil sampling locations within a
certain range of the coefﬁcient of variation is shown by a bar graph.
Table 1
Effective doses accumulated for 50 y from June 14, 2011. Effective doses were
evaluated for external and inhalation exposures using the maximum deposition








134Cs 1.4  107 5.1  105 7.1  102
137Cs 1.5  107 1.3  104 2.0  103
131I 5.5  104 2.7  107 1.5  102
129mTe 2.7  106 2.2  107 6.0  101
110mAg 8.3  104 3.9  105 3.2  100
89Sr 2.2  104 2.8  108 6.1  104
90Sr 5.7  103 2.1  105 1.2  101
238Pu 4.0  100 6.6  103 2.7  102
238 + 240Pu 1.5  101 8.5  103 1.2  101
Table 2
Contribution of dominant radioactive nuclides to the total external
effective dose on June 14, 2011. Radioactive nuclide deposition densities
averaged over 50 representative locations were converted to the effective
dose rates using the dose conversion coefﬁcients (Saito et al., 2012).
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